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ABSTRACT 
Quantifying concentrations and contributions of carbon species is an important part of 
building comprehensive regional and global carbon (C) budgets necessary for 
understanding climate change. Until recently, inland waters have been ignored in C 
budgets. Recent research suggests that although inland waters make up a small fraction of 
the Earth’s surface, they are important in the global C cycle. We examined and related 
limnological, meteorological, and catchment land-use data to partial pressures of carbon 
dioxide (CO2) in 131 agriculturally-eutrophic lakes. We also examined carbon fractions in 
15 agriculture-dominated catchments over an 11 year period to address how C is related to 
land-use and climate characteristics. In contrast to previous analyses, we found that our 
lakes were under saturated with CO2 and showed that variability in CO2 was related to 
nutrient-driven primary production. We found that C fractions in streams were related to 
discharge and that total C flux increased by several orders of magnitude with discharge.  
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
 Understanding and mitigating climate change is an important challenge of the 21st 
century (Houghton 2005). Quantifying rates and conversions in global and regional carbon 
(C) budgets is a critical component of understanding climate change (Karl and Trenberth 
2003; Matthews and Caldeira 2008). Linking landscapes to inland waters and understanding 
the intersection between land use, climate change, and C transport is another critical part of 
the carbon puzzle (Moss et al. 2011). Up until recently, inland waters have largely been 
ignored in C budgets. Recent research suggests, however, that inland waters play an 
important role in C cycling even though they comprise only ~3% of the Earth’s surface 
(Tranvik et al. 2009; Downing et al. 2006).  
Agricultural eutrophication is another important environmental challenge (Dorioz 
and Ferhi 1994, Carpenter et al. 1998) we face today. As the need for food and fuel rises 
with the global population, more land is used for agricultural production and often results in 
nutrient enrichment of waters worldwide (Carpenter et al. 1998). Increased agricultural 
eutrophication is likely to amplify carbon processes, such as sediment burial and primary 
production (Tranvik et al. 2009).  
Eutrophication and climate change in costal and fresh waters may mutually 
reinforce one another, making it even more difficult to mitigate either challenge (Moss et al. 
2011). We are now coming to understand, primarily through work on shallow lakes, that 
climate change is intensifying the symptoms of eutrophication worldwide (Jeppesen et al. 
2010). Thus, to mitigate climate change and eutrophication, we will likely need to intensify 
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our effort to control nutrients (Trolle et al. 2011), although this is difficult to achieve with 
non-point source pollution dominating landscapes (Carpenter et al. 1998). Non-point source 
nutrient loading will likely increase with climate change, as we experience altered rainfall 
patterns and intensified storms, warming soils, and glacial melting (Jeppesen et al. 2010).  
Given the potential link between eutrophication and climate change, it is critical that 
we understand C contributions and concentrations in agricultural landscapes in response to 
climatic variability.  
This thesis presents the theoretical background, the methods, and results of a broad 
scale analysis of relationships between limnological parameters and carbon dioxide 
concentrations in lakes. This thesis also presents a long-term study of carbon transport in 
pre-dominantly agricultural catchments, highlighting inter-annual variation in climate. This 
research is focused on evaluating the roles of: landscape, nutrients, and climate in 
determining carbon concentrations for eutrophic lakes and streams.  
Thesis Organization 
 This thesis is organized into four chapters. Chapter 1 is a general introduction and 
literature review. Chapter 2 is a published article reprinted with permission from Inland 
Waters. It pertains to the concentrations and fluxes of carbon dioxide in eutrophic lakes. 
Chapter 3 is an article to be submitted for publication to Limnology and Oceanography: 
Fluids and Environments. It pertains to the transport of carbon fractions in streams over a 
long-term period of study. General conclusions and suggestions for further research are 
presented in Chapter 4.  
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Literature Review 
 Biogeochemical cycles are increasingly influenced by human activities (Vidon et al. 
2008). Understanding C cycling is an essential part for predicting the effects of climate 
change (Moss et al. 2011). An integral piece of the climate change puzzle is a 
comprehensive contemporary carbon budget (Denman et al. 2007). In order for us to 
effectively build climate models and construct accurate C budgets, we need to understand 
the relationships between factors contributing to these cycles. Until recently, however, the 
role of inland waters in C budgets have been grossly underestimated or not included in 
climate change models (Denman et al. 2007). 
 Climate has been predicted to change a great deal over the next century. While 
global models exhibit differences in C contributions spanning several orders of magnitude, 
patterns of likely changes have emerged (Easterling et al. 2001). Since the start of the 20th 
century, the global mean temperature has risen about 0.6°C (Nicholls et al. 1995; Easterling 
et al. 2000), with the majority of this trend explained by rising daily minimum 
temperatures, leading to reduced diurnal temperature ranges (Karl et al. 1996).  
 Few studies have examined the possible changes in high-frequency extreme 
temperature events (heat waves, cold snaps, and number of days exceeding a temperature 
threshold). One recent study focusing on the Northeastern United States showed that the 
frost-free season started 11 days earlier in the 1950s than in the 1990s (Cooter et al. 1995).  
 Changes in precipitation and the frequency of extreme precipitation events have 
been the subject of many climate change studies. Trends in single day or multiday intense 
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precipitation show an increase of more days with heavy rainfall totals in the latter half of 
the 20th century (Karl and Knight 1998; Kunkel et al. 1999). The Midwestern United States, 
along with several other regions of the country, has shown increases in extreme events and 
these events comprise a disproportionate 5-10% of the annual precipitation total since the 
early 20th century (Kunkel et al. 1999). Models forecast that extreme precipitation events 
will increase in the 21st century, with intermittent periods of drought (Dai et al, 1998). By 
the end of the 21st century, temperatures in this region are likely to climb 3-6°C (Easterling 
and Karl 2000). 
 As a result of increased temperatures and intermittent rainfall associated with 
climate change, the Midwestern United States is likely to experience a number of 
ecologically significant changes. Because of increased temperatures, and therefore 
increased evaporation, a reduction in lake and river levels is likely (Chao 1999). 
Biotechnologies will likely aid crop production, and therefore, agriculture is likely to adapt 
to changes in climate (Easterling and Karl 2000). Increased eutrophication in lakes and 
streams is likely with increased runoff due to heavy precipitation events (Groisman et al. 
2001). Warmer water temperatures, associated with warmer atmospheric temperatures, will 
stimulate algal growth in lakes (Paerl and Huisman 2008).  
 Climate change is likely to affect C cycling in inland waters. A recent surge of 
research has focused on understanding C cycling in inland waters, and how these cycles 
may be altered under different climate change scenarios. Through the transport, 
transformation, and burial of C, inland waters are an integral part of the global C cycle, 
connecting terrestrial landscapes to the oceans and atmosphere (Cole et al. 2007; Battin et 
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al. 2008). Human impacts on aquatic landscapes (such as reservoir and farm pond 
construction) have also influences the role of inland waters in C cycles (Downing et al. 
2008).  
 Inland waters play a disproportionately large role in C cycles – with current 
estimates of C evasion in these waters similar to the terrestrial net ecosystem production 
(Tranvik et al. 2009). Burial of carbon in lake sediments has also been estimated to rival 
that of organic carbon sequestration on the ocean floor (Downing et al. 2008).  Wetlands, 
while not considered in the majority of these global studies, also evade huge amounts of C, 
emerging as the single biggest natural contributor of methane to the atmosphere (Walter et 
al. 1996).  
 Currently, dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) 
are the major inputs into most lakes. While the quantities and relative proportion of these 
fractions, along with particulate organic carbon (POC) vary with hydrology and location, 
they are important contributors to lake metabolism. In temperate regions, like the 
Midwestern United States, DIC is the dominant form of C found (Finlay et al. 2009) and 
results from high carbonate weathering and high soil respiration. High exports of DOC are 
found in peatlands and tropical regions (Tranvik et al. 2009).  
 Primary production in lakes also contributes to the total organic carbon pool. 
Shallow lakes like those found in our study region, abundant with light and nutrients, are 
especially productive. Primary production in lakes has been estimated at the rate of 0.65 Pg 
C yr-1 (Pace and Prairie 2005).  
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 Perhaps the area of C cycling investigated most over the last 20 years has been that 
of carbon dioxide (CO2) evasion via organic carbon mineralization. Numerous studies have 
quantified rates of lake C flux, although the majority of studies have been conducted on 
oligotrophic-mesotrophic systems (Cole et al. 1994; Duarte and Prairie 2005; Sobek et al. 
2005). Carbon in these studies is primarily allochthonous, and respiration dominates 
primary production, resulting in net evasion of C to the atmosphere. 
 Agricultural eutrophication, one of the most significant current environmental 
problems (Dorioz and Ferhi 1994; Carpenter et al. 1998) will increase as the need for food, 
fiber, and fuel rises with global population. Agriculture production has changed drastically 
over the past several decades. Mechanization of cropping systems and increased fertilizer 
production has contributed to the global extent of crop production and the amount of land 
used for agriculture (USDA 2003). Because of increased crop production and the addition 
of fertilizer nutrients to the landscape, the potential for nutrient export and soil erosion has 
increased (Grovers et al. 1999; Lindstrom et al. 1992). Johnson et al. (1997) demonstrated 
through the relationship between excessive nutrient inputs and water quality degradation. 
Nitrogen and phosphorus are implicated in the eutrophication of fresh waters, (Diaz and 
Rosenberg 1995; Likens and Bormann 1974; Carpenter et al 1998) and conditions leading 
to eutrophication in fresh waters have been well studied (Schindler and Fee 1974; Schindler 
1990; Arbuckle and Downing 1999; Vadeboncoeur et al. 2003).  
 Eutrophication has a number of ecological impacts on fresh waters. Increases in 
nitrogen (N) and phosphorus (P) lead to increased phytoplankton production (Smith and 
Bennett 1999). In many shallow prairie lakes, like those found in our study region, P is the 
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limiting nutrient. As a result, these conditions favor nitrogen-fixing cyanobacteria 
(Downing and McCauley 1992). Excessive decomposition in fresh waters, as phytoplankton 
biomass is broken-down, often results in hypoxic lake conditions, which disrupt various 
parts of the food web (Carpenter et al. 1998).  
Eutrophication also affects C cycles in inland waters. Recent research suggests that 
climate change and eutrophication have mutually reinforcing effects on one another (Moss 
et al. 2011). Because of this likely interaction, it is important to understand C cycles at the 
intersection of these two things. Thus, Iowa becomes an excellent study location, as it 
contains waters with some of the highest nutrient concentrations in the world, the landscape 
is over 90% row-crop agriculture (Arbuckle and Downing 1999), and Iowa will likely 
experience a variety of meteorological phenomena associated with climate change in the 
21st century.  
In spite of an increased number of studies and mounting evidence for inclusion of 
inland waters in C budgets, work is still needed to address C in eutrophic systems, 
especially over several years, thus capturing inter-annual variability. Similarly, studies 
incorporating all C fractions in rivers and streams are needed to understand how the relative 
proportions of these fractions change with environmental variables.  
Objective 
 The objective of this thesis is to identify and quantify catchment, limnological, and 
climate characteristics that explain differences in carbon in eutrophic lakes and streams in 
pre-dominantly agricultural landscapes.  
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CHAPTER 2. CARBON DIOXIDE CONCENTRATIONS IN EUTROPHIC LAKES: 
UNDERSATURATION IMPLIES ATMOPHERIC UPTAKE 
Michelle B. Balmer, and John A. Downing 
A manuscript published in Inland Waters 
Abstract  
Understanding concentrations and contributions of carbon dioxide (CO2) in aquatic 
ecosystems is an important part of a comprehensive global carbon budget. Current dogma 
suggests that world lakes are important emitters of CO2 to the atmosphere. We estimated 
the partial pressure of carbon dioxide (ρCO2) in 131 agriculturally eutrophic lakes over a 7 
year sampling period. Values of ρCO2 in these lakes ranged from 0.1 to 40,392 μatm with a 
median of 322 μatm (n = 3049). In contrast to previous analyses of CO2 in lakes, 60% of 
the eutrophic lake samples were undersaturated with CO2. Correlation analysis implied that 
nutrient-driven primary production, reflected by high oxygen concentrations, drives CO2 
concentrations below atmospheric equilibrium. Multiple regression analysis showed several 
limnological and catchment characteristics that explained a statistically significant amount 
of variability in ρCO2 (R
2 = 0.33). Important variables included chlorophyll a concentration 
and the ratio of total nitrogen to total phosphorus. Our estimated ρCO2 values were 
significantly (p < 0.0001) lower than a previously published dataset of world lake ρCO2 
values derived primarily from oligotrophic–mesotrophic lakes. High-nutrient lakes, 
especially those that are small and rich in oxygen from primary production, could act as net 
atmospheric CO2 uptake sites.  
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Introduction 
Understanding and addressing climate change is an important challenge (Houghton 2005). 
Quantifying rates and conversions in the global carbon (C) budget is an essential part of 
addressing (Karl and Trenberth 2003) and mitigating (Matthews and Caldeira 2008) global 
climate change. Recent research has indicated that continental waters routinely process C at 
significant rates (Cole et al. 2007, Downing 2009). Although inland waters comprise a 
small fraction of the earth’s surface (~3%; Downing et al. 2006), they may play a major 
role in the global C cycle (Dean and Gorham 1998, Cole et al. 2007, Battin et al. 2008).  
Agricultural eutrophication, one of the most significant current environmental 
problems (Dorioz and Ferhi 1994, Carpenter et al. 1998), will increase as the need for food, 
fiber, and fuel rises with global population. Increased agricultural eutrophication may 
amplify carbon processes, including sediment burial and primary production (Tranvik et al. 
2009). Most research on carbon processing in continental waters has been performed in 
oligotrophic–mesotrophic systems (Cole et al. 1994, Duarte and Prairie 2005, Alin and 
Johnson 2007). Comparatively few studies, however, have sought to quantify rates in 
eutrophic and hypereutrophic systems (Duarte and Prairie 2005, Downing et al. 2008, 
Lazzarino et al. 2009). Although it has been hypothesized (e.g., Alin and Johnson 2007) 
that eutrophic lakes should have lower summer partial pressures of CO2 than oligotrophic 
lakes due to high primary production, published summary studies on CO2 saturation in 
eutrophic and hypereutrophic systems are rare (e.g., Lazzarino et al. 2009). Because of 
global eutrophication, it is important to understand the contribution of these types of 
systems to regional and global C cycles.  
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Previous studies have suggested the prevalence of CO2 supersaturation in lakes 
worldwide (Cole et al. 1994, 2007, Kortelainen et al. 2006). Estimates indicate that ~90% 
of aquatic ecosystems studied emit CO2 to the atmosphere (Kling et al. 1992, Cole et al. 
1994, 2007) and that lakes are important global and regional CO2 emitters. Eutrophication 
increases the conversion rate of inorganic carbon (free CO2 and bicarbonate) to particulate 
organic matter, due to increased primary production (Smith 1979, Peters 1986); therefore, 
eutrophic and hypereutrophic systems could act as CO2 uptake sites due to high 
phytoplankton productivity (Finlay et al. 2009, Lazzarino et al. 2009).  
The objectives of this study were to (1) estimate the partial pressure of carbon 
dioxide (ρCO2) in a large sample of agriculturally eutrophic lakes and impoundments, (2) 
determine how limnological, meteorological, biological, and physical characteristics of 
lakes and their catchments are related to summer levels of ρCO2, and (3) compare our 
summer ρCO2 values to previously published summer data on lakes and impoundments of 
varying size. 
Study site 
The 131 lakes and catchments used for this analysis (Table 1) are located in (Rabalais et al. 
1999) in the midwestern United States (state of Iowa), one of the most intensive agricultural 
areas in the world.  
Methods 
Data were collected 3 times throughout the summer months (May–Aug) annually between 
2000 and 2007. Surface mixed-zone composite water samples were collected from the 
deepest point of each lake. 
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Values for ρCO2 were calculated for mixed-column samples using the same 
approach as others (e.g., Kling et al. 1992, Cole et al. 1994, Prairie et al. 2002). Equilibrium 
constants for various inorganic carbon species were determined from ionic strength (Butler 
1992, Kling et al. 1992). Equilibrium constants for carbonic acid and bicarbonates were 
calculated from specific conductivity and temperature and derived from equations in 
Stumm and Morgan (1996). Alkalinity and pH were then used to calculate total inorganic 
carbon, and CO2 was expressed as a partial pressure (ρCO2) using Henry’s constant, 
correcting for temperature, and using an altitude of 335 m a.s.l. (the mean altitude for the 
region studied; Mattson 1996). The potential areal net atmospheric flux (Fatm) of CO2 (g C 
m−2) across the air–water interface was calculated following Cole and Caraco (1998), 
assuming a partial pressure of CO2 in the air of 370 μatm and normalizing wind speeds to a 
height of 10 m using the modified Witter and Chelton algorithm (Brown 1979). Where 
wind speed was not available for an individual sampling event, a wind speed of 3m s−1 was 
assumed (Cole and Caraco 1998). Net atmospheric exchange was calculated for the summer 
sampling period (123 d) to compare with previously published values because sampling 
occurred only during the summer months.  
Composite mixed zone water samples were collected and analyzed for variables 
characterizing lakes at the time of sampling. Samples were analyzed for total phosphorus 
(TP; Murphy-Riley method with a persulfate digestion; APHA 1998), total nitrogen (TN), 
and NOx (persulfate digestion with second derivative spectroscopy; Crumpton et al. 1992), 
ionized and unionized ammonia (phenate method; APHA 1998), dissolved organic carbon 
(DOC; Schimadzu TOC analyzer; APHA 1998), and pH and total alkalinity (at 35 °C by 
electrode and titration to pH 4.5; APHA 1998).  
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Both chlorophyll a and phytoplankton biomass and diversity were estimated to 
characterize the amount and composition of phytoplankton present in each lake. 
Chlorophyll a was analyzed using the acetone extraction method (Jeffrey et al. 1997, 
APHA 1998). Phytoplankton samples were preserved with Lugol’s solution and allowed to 
settle before biomass was estimated (Prescott 1931, Ward and Whipple 1959, Wehr and 
Sheath 2003).  
Water column profiles of pH, water temperature, specific conductivity, turbidity, 
and dissolved oxygen (DO) were taken with a YSI 6600 Sonde. Meteorological data (air 
temperature, wind velocity and direction, barometric pressure, and altitude) were recorded 
using a Kestrel 2500 device. Secchi transparency (m) was measured following Wetzel and 
Likens (2000). 
Analysis of geographic information systems (GIS; Gémesi 2007) provided land-use 
characteristics of watersheds calculated from a 2002 land use/land cover dataset, derived 
from 30 m LANDSAT imagery. Land uses were divided into 17 categories 
(http://www.gis.iastate.edu/data/; polygons, line features, raster datasets).  
Correlation analysis was used to seek relationships between the calculated ρCO2 and 
various meteorological, limnological, and catchment characteristics. Stepwise multiple 
linear regression was used to test the hypothesis that catchment land use, meteorological 
data, physical and biological characteristics of lakes, and nutrient concentrations were 
related to summer daytime ρCO2. The most influential variables were sought via forward 
stepwise multiple linear regression (McGarigal et al. 2000) with a variable retention 
criterion of p = 0.01. Data were log transformed, when appropriate, to satisfy the 
assumptions of normality and homogeneity of variance before entering them into the 
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model; ρCO2 was also log transformed for this analysis. The slopes of some relationships 
were examined via LOWESS (f = 0.2; Cleveland and McGill 1985). 
Results 
The nutrient concentrations in the study lakes are in the upper half of those found 
worldwide (Table 1; Arbuckle and Downing 2001), making them among the most 
eutrophic. Chemical variables used to calculate ρCO2 varied widely for our set of lakes, 
with pH from 6.5 to 10.6 and total alkalinity from 5 to 316 mg L−1 (Table 1).  
Calculated ρCO2 covered much of the range of those observed in lakes worldwide 
(Table 1; Cole et al. 1994, Lazzarino et al. 2009). The frequency distribution (Fig. 1) of 
ρCO2 values for these lakes, however, showed a negatively skewed log normal distribution 
with a median of 322 μatm. Our ρCO2 values were also significantly lower than those found 
in a large world dataset (Fig. 1; t7954 = 16.8409; p < 0.0001).  
Many of the physical, nutrient, and biological measures obtained for this study were 
significantly correlated with log ρCO2 (Table 1), although few independently had >0.1. 
Dissolved oxygen, chlorophyll a concentration, and TP concentration showed notable 
correlations with pCO2 (Table 1; Fig. 2). Multiple regression analysis, however, found that 
ρCO2 was correlated with several characteristics of lake environments (Table 2). Dissolved 
oxygen accounted for the most variation in log ρCO2, followed by chlorophyll a 
concentration, TN:TP, DOC, and mean lake depth. Calculated CO2 emission rates were also 
skewed left with the median falling below zero, indicating net atmospheric uptake (Fig. 3).  
Discussion 
Our data suggest that many temperate zone eutrophic lakes are undersaturated with CO2, at 
least during the summer, which differs from the results of many previous studies on 
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temperate boreal lakes. This underscores the importance of quantifying CO2 in diverse 
types of lakes for the inclusion of lakes in regional and global carbon budgets. Only 40% of 
the eutrophic lakes we studied were supersaturated with CO2, whereas 87% of the 1835 
lakes in the Cole et al. (1994) study were found to be supersaturated with CO2. Lazzarino et 
al. (2009) also observed 87% of all Florida lakes supersaturated with CO2 at the time of 
sampling. Sobek et al. (2003) found that all but one of the 33 boreal lakes they studied was 
supersaturated with CO2.  
Our study lakes had ρCO2 values significantly lower than those of the rest of the 
world’s lakes analyzed in the recent literature (Fig. 2). The median ρCO2 value of 323 µatm 
was substantially below atmospheric equilibrium. Agriculturally eutrophic lakes seem to be 
less saturated than other world lakes and may be absorbing CO2 from the atmosphere more 
frequently than degassing during summer months, as compared to the dataset compiled by 
Sobek et al. (2005) for ice-free freshwater natural lakes.  
The involvement of high primary production in creating patterns of CO2 
concentrations and evasion is apparent from significant correlations with chlorophyll a and 
TP (Fig. 2). LOWESS fits showed that CO2 decreased below atmospheric equilibrium at 
chlorophyll a levels of 10–20 µg L−1, approximately the range at which noticeable 
phytoplankton blooms become apparent in lakes (Bachmann and Jones 1974). Although the 
majority of our samples showed a negative correlation between CO2 and chlorophyll a 
concentration, some lakes showed CO2 supersaturation in lakes with high chlorophyll, 
likely due to the frequently high respiration rates found in eutrophic waters. Further, 
LOWESS fits indicate that CO2 decreased below atmospheric equilibrium at TP 
concentrations of around 30–60 µg L−1 (Fig. 2), near the level of nutrient enrichment, 
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implying passage from mesotrophy to eutrophy (Kalff 2002). Values of ρCO2 also showed 
a notable reciprocal relationship with DO (Table 1; Fig. 2), which was expected because 
CO2 uptake by primary producers can evolve substantial DO. In lakes that are 
undersaturated with DO, LOWESS fits suggest median ρCO2 is oversaturated, implying 
atmospheric evasion (Fig. 2). A number of lakes were supersaturated with both oxygen (O2) 
and CO2, likely due to wind mixing of surface waters near the time of sampling.  
Multiple regression analysis explained 33% of the variance in ρCO2 (Table 2). 
Dissolved oxygen explained the most variance in the model, showing that ρCO2 was drawn 
down as O2 concentrations increased. The reciprocal relationship between CO2 and O2 has 
also been documented in boreal lakes (Kortelainen et al. 2006). In the boreal region, 
however, this relationship is presumably due to the degradation of organic matter rather 
than high primary production. Intense primary production apparently can draw down CO2 
to levels below atmospheric equilibrium. Lakes that are net undersaturated with CO2, like 
many of the lakes in this study, may be net-autotrophic because CO2 is drawn in and 
sequestered within the lake. Although the reciprocal relationship between O2 and CO2 is not 
causal, it does indicate the importance of photosynthesis and respiration in eutrophic 
summer surface waters.  
Multiple regression (Table 2) also indicated chlorophyll a concentration is an 
important variable accounting for variation in ρCO2. Chlorophyll is a frequently used 
surrogate of primary production in lakes. Increased chlorophyll, resulting in high primary 
production, indicated elevated photosynthesis in the water column. High rates of 
photosynthesis may draw down CO2 as phytoplankton absorb CO2, disequilibrating the 
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alkalinity buffering reactions during the daylight hours. Primary production is likely the 
driving biological force behind the variability in ρCO2 levels we observed.  
The ratio of TN to TP was positively related to ρCO2 in our lakes. In-lake nutrient 
ratios are largely driven by land use in agricultural watersheds (Arbuckle and Downing 
2001). The ratio TN:TP is driven by the fraction of the watershed under row-crop versus 
land uses where large amounts of manure are deposited or applied (Arbuckle and Downing 
2001). Our results suggest that lakes with low N:P, presumably via pastureland and manure 
application in the watershed, have lower amounts of ρCO2 and are therefore likely to be 
atmospheric uptake sites. A tendency of low CO2 concentrations in eutrophic lakes to 
persists across seasons potentially has major implications for global carbon cycling because 
watersheds are receiving increasingly large amendments of manure, either as fertilizer or 
simple land disposal (Sharpley et al. 1998), although full annual CO2 and sediment data are 
needed to understand the full implications of increased fertilization on carbon cycling. 
Other studies have shown positive correlations between DOC or color (a variable 
often tied to DOC) and ρCO2 (Reche and Pace 2002, Hope et al. 2004, Lazzarino et al. 
2009). Our study lakes, however, implied a negative correlation between DOC and ρCO2 
and accounted for only a small portion of the total variance explained (Table 2). In other 
lakes, DOC has been observed as being derived from the watershed and photooxidized to 
CO2 in the lake, resulting in a negative relationship between the 2 variables. In eutrophic 
lakes, however, we suspect that DOC is phytoplankton-derived and is not photooxidized 
due to limited light penetration. The flux of DOC from particulate (algal) to dissolved 
forms is likely high relative to the breakdown rate of particulate DOC during the summer 
daytime. Thus, the DOC pool increases with productivity. It is also possible that high levels 
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of primary production are masking the possible influence of DOC on CO2 within our study 
lakes.  
Partial effects of physical characteristics of the study lakes also explained 
significant variance in ρCO2 (Table 2). Deep lakes seem to have higher ρCO2, possibly 
because shallow lakes have more sediment influence on the water column by continually 
mixing nutrients and organic carbon and driving up primary production, thereby decreasing 
ρCO2. Accounting for the influence of lake depth, lakes with large surface areas and those 
with large fetches also had relatively low ρCO2, possibly because lakes with large surface 
areas lakes have a greater potential for degassing, thus allowing more rapid equilibration of 
ρCO2 with the atmosphere.  
Much of the literature suggests that lakes are net heterotrophic, meaning that most 
carbon consumed in them is imported from the catchment and either buried in the sediments 
or exported to the atmosphere as CO2 (del Giorgio et al. 1997, 1999). Overall, our 
correlation results (Table 1) indicate that lakes with high concentrations of chlorophyll a 
and DOC, and those that have a low N:P ratio, are likely to have low partial pressures of 
CO2 and may be regionally important sites for atmospheric CO2 uptake.  
Although we were unable to evaluate potential CO2 fluxes for the entire year, we 
followed the common approach of approximating summer flux rates from punctual 
measures (Fig. 3; e.g., Kelly et al. 2001, Lazzarino et al. 2009). Like others, we sampled 
during the daytime when photosynthesis is high. Diel and seasonal CO2 studies in eutrophic 
systems are still needed to better understand CO2 flux linked to photosynthesis and 
respiration. The efflux rates we estimate in these lakes seem much lower than those found 
elsewhere, affirming the possibility that many eutrophic lakes act as atmospheric CO2 
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uptake sites (Table 3). Algesten et al. (2004) estimated flux using relationships between 
DOC and CO2 in a subset of lakes then extrapolating to many lakes in northern and central 
Sweden. Kortelainen et al. (2006) sampled 177 lakes 4 times throughout the year and 
extrapolated these to estimate annual flux rates. Alin and Johnson (2007) gathered 
previously published ρCO2 and wind speed data to estimate yearly flux rates. Duarte et al. 
(2008) assembled published ρCO2 values and used a gas exchange coefficient of 0.8 m d
−1 
and a wind velocity of 3 m s−1 to estimate yearly flux rates. Lazzarino et al. (2009) used 
summer CO2 values and averaged wind speeds to estimate yearly flux rates. Our median 
flux was negative, meaning that over half our lakes were not CO2 saturated (Table 3). Many 
published studies performed on less nutrient-rich ecosystems have shown that some are 
continuously supersaturated with CO2, although summer saturation in oligotrophic systems 
may decline when production is high. 
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 Table 1. Characteristics of 131 lakes analyzed from 2000 to 2007 for this study from an 
intensively agricultural region of the United States. Independent variables included in this 
table were all significantly correlated with log ρCO2 (p ≤ 0.0005). Variables marked * were 
log transformed and those marked † were candidate variables in a step-wise multiple 
regression (see Table 2).  
 
Independent variable Median Range  r-values 
pH 8.6 6.4–10.6  −0.940 
Dissolved oxygen (% saturation)† 108 3–322  −0.220 
Alkalinity (mg L−1 of CaCO3) 135 5–316  −0.170 
Chlorophyll a (µg L−1)*† 25 <1–544  −0.091 
Specific conductivity (µS cm −1 at 25ºC) 380 126 – 1360  +0.087 
NH3 (µ mol L
−1)* 2.5 <1–124  +0.072 
Water temperature (ºC) 24.8 12–34  −0.047 
TN:TP (atomic)*† 22 <1–871  +0.040 
Phytoplankton biomass (mg L−1)*† 25 <1–9656  −0.040 
Catchment area less lake area (km2)* 9 <1–31 080  +0.038 
NO3 (mg L
−1)* 0.2 <0.01–19  +0.032 
% Cyanobacteria of phytoplankton biomass 91 0–100  −0.032 
Total Phosphorus (µg L−1)*† 73 4.6–776.5  −0.025 
Lake volume (m3)* 1.0 × 106 1.1 × 105–3.22 × 108  +0.023 
Secchi transparency (m)*† 0.9 <0.1–9.5  +0.023 
Lake area (m2)*† 3.9 × 105 4.1 × 104–6.04 × 107  +0.021 
Dissolved organic carbon (mg L−1)*† 7.6 <0.01–62.4  −0.017 
Catchment area to lake area ratio* 22 <1–763  +0.016 
Total Suspended Solids (mg L−1)* 11.8 <0.1–420  −0.012 
Maximum lake depth (m)* 6.7 1.2–39.6  +0.008 
Total Nitrogen (mg L−1)*† 1.5 0–20.6  +0.006 
Mean lake depth (m)*† 2.8 0.9–11.5  +0.005 
Effective breadth (m)*† 1203 136–6720  +0.004 
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Table 2. Multiple regression analyses of variation in ρCO2 related to several limnological 
variables. Partial t-values indicate the size of statistical effects of the independent variables 
when all other variables are considered. The forward stepwise regression analysis of ρCO2 
had an adjusted R2 = 0.33, F = 108.6, p <0.0001, and number of samples = 1735. For this 
regression, independent variables with * were log transformed before entering into the 
model. ρCO2 was also log transformed for this analysis.  
 
Independent variable 
Regression 
coefficient Partial t p 
Intercept 3.18 26.81 <0.0001 
TN:TP* 0.0299 9.96 <0.0001 
Lake size (m2)* 0.2944 5.68 <0.0001 
Mean lake depth (m)* −0.2592 −4.49 <0.0001 
Effective breadth (m)* −0.3073 −5.04 <0.0001 
Dissolved organic carbon (mg L−1)* −0.1775 −5.59 <0.0001 
Chlorophyll a concentration (μg L−1)* −0.1605 −6.12 <0.0001 
Dissolved oxygen (% saturation) −0.0075 −21.11 <0.0001 
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Table 3. Calculated areal carbon emission rates for different groups of lakes. Rates from our 
study are estimated using 3 summer ρCO2 readings, wind measurements at time of 
sampling, and surface areas of each lake studied. All data are expressed as arithmetic 
averages or ranges when given, except those from our study. All studies included daytime 
measurements. Our data were highly skewed, so the median value is reported instead of the 
mean because it more accurately reflects the distribution of our data.  
 
 
Group Calculated areal 
carbon emission 
rates 
Time period for 
emission rate report 
Source 
Our 131 study 
lakes 
−0.1 g C m−2 Summer (123 days) This study 
Finnish lakes 42 g C m−2 Annual Kortelainen et al. 
(2006) 
Large lakes of 
the world 
62 g C m−2 Annual Alin and Johnson 
(2007) 
Florida lakes 328 g C m−2 Annual Lazzarino et al. (2009) 
Saline lakes 3.6–4.6 g C m−2 Daily Duarte et al. (2008) 
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Figure Legends 
Figure 1. Frequency distribution of estimated ρCO2 values for agriculturally eutrophic 
lakes in our study from throughout the study period (dark grey; n = 3049) and a world 
dataset of lakes (light grey; n = 4902; Sobek et al. 2005).  
 
Figure 2. Relationships between partial pressure of CO2 (ρCO2) and selected variables 
most strongly correlated to it (see Table 1). The dashed line on all panels represents ρCO2 at 
atmospheric equilibrium (370 μatm). Solid lines are LOWESS fits of the data (Cleveland 
1981, Cleveland and McGill 1985). The Lowess f value was set to 0.2, and LOWESS 
smoothing was performed on the logarithms of ρCO2. 
 
Figure 3. Calculated carbon evasion rates for our study lakes (n = 131) over multiple years. 
The dashed line indicates atmospheric equilibrium (median = –0.1). Values were calculated 
for each sampling event and reflect summer evasion (May–Aug; 123 days). 
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CHAPTER 3. STREAM CARBON FLUX AND FRACTIONATION: INFLUENCE 
OF DISCHARGE, LAND USE, AND CLIMATE 
Michelle B. Balmer and John A. Downing 
A paper to be submitted to Limnology and Oceanography: Fluids and Environments 
Abstract 
 Understanding carbon cycling and transport downstream is an essential part of 
building comprehensive carbon budgets and mitigating climate change. Previous studies 
have addressed one or two fractions of carbon (C) within catchments and related these 
fractions to land use and climate change variables, but few have considered how dissolved 
inorganic carbon, dissolved organic carbon, carbon dioxide, and particulate organic carbon 
fractions vary with respect to one another under different climate and land use scenarios. 
We sampled 15 catchments during the ice-free period for 11 years in an intensively 
agricultural region. Univariate regression revealed that most fractions of C were strongly 
related to stream discharge. Multiple regression analysis showed that several land use and 
climate variables explained a significant amount of variability in C fractions.  Low order 
streams have the potential to export large quantities of C downstream as fewer, more 
intense precipitation events are anticipated due to climate change.  
Introduction 
Biogeochemical cycles are increasingly influenced by human activities (Vidon et al. 
2008), and understanding carbon (C) cycling is essential for predicting the effects of 
climate change in altered landscapes (Moss et al. 2011). Landscape alteration by agriculture 
and urbanization has greatly influenced the biogeochemical transport of C and other 
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elements (Paul et al. 2008) and this transport may be exacerbated by climate change. 
Including concentrations and contributions of C in streams is a critical component of a 
global carbon budget as they link continental C cycles to the ocean (Raymond and Bauer 
2001) by influencing costal productivity (Hopkinson and Vallino 1995; Raymond and 
Bauer 2000), altering sediment preservation (Goñi et al. 1998), and contributing to carbon 
dioxide (CO2) efflux (Cole and Caraco 2001; Grace and Malhi 2002; Richey and Melack 
2002).  
Rivers transport ~0.4x1015 g-1 of organic carbon annually (Meybeck 1982; Spitzy 
and Ittekkot 1991) which is equivalent to ~6% of global annual CO2 emissions (Solomon et 
al. 2007). Spitzy and Ittekkot (1991) suggested that approximately 60% of the organic 
carbon exported in streams is dissolved and 40% is particulate. Dissolved organic, 
dissolved inorganic, gaseous, and particulate C can be used differently by biota within 
streams (Ittekkot 1988) and may be influenced by changes in regional hydrology under 
altered climate regimes.  
Dissolved inorganic carbon (DIC) plays an important in aquatic ecosystems’ 
biogeochemistry (Neal et al. 1998) as it is a resource for autotrophs (Raven et al. 1982) and 
it influences conditions for animals (Allan 1995). DIC is derived primarily from processes 
in terrestrial ecosystems and is comprised of carbonate, biocarbonate, and carbon dioxide. 
These forms of C influence stream ecosystems through CO2 transport from the land to the 
stream (from plant and microbial respiration) and through transport of HCO3
- generated 
from chemical weathering (Finlay 2003). Metabolism of DIC appears to be greater than in 
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stream primary production for large rivers, as they are supersaturated with CO2 (Cole and 
Caraco 2001).  
Dissolved organic carbon (DOC) in streams can be derived from terrestrial sources 
or from autotrophic production and influences heterotrophic productivity and respiration in 
small streams, especially during periods of high flow (Boyer et al 1997). This influx of C 
can influence in stream C cycling and CO2 evasion (Dalzell et al. 2005).  Particulate 
organic carbon (POC) is transported from the terrestrial environment to streams, especially 
in periods of high flow. This form of carbon is more difficult for autotrophs and 
heterotrophs to process and is frequently transported and buried in sediments downstream 
(Cole et al. 2007), especially in small, eutrophic lakes and impoundments (Downing et al. 
2008).  
Climate in the upper Midwestern United States is likely to change dramatically over 
the next 100 years, with increased annual temperatures and increased high intensity 
precipitation events (Karl and Knight 1998). Flooding events, driven by high intensity 
storms, are believed to be especially important for C cycling in these regions because they 
mobilize large amounts of C into stream channels (Richey and Melack 2002; Dalzell et al. 
2005). Landscapes are also being altered at high rates to meet the growing need for food 
and fuel (Searchinger et al. 2008). Thus, it is important to determine how hydrology may 
influence the amount and composition of C transport as altered landscapes are subjected to 
changes in temperature and precipitation patterns. 
Over the past 20 years studies have addressed rates at which individual fractions are 
exported from terrestrial to aquatic environments, however, few studies have addressed 
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how climate and catchment characteristics influence concentrations of all fractions of C and 
discuss the relative abundances of C fractions with respect to discharge (Spitzy and Ittekkot 
1991; Raymond and Bauer 2000; Butman and Raymond 2011). Furthermore, few C studies 
have been conducted on C dynamics in agricultural and pasture dominated watersheds 
(Petry et al. 2002; Wilson and Xenopoulos 2008). As the need for food and fuel rises, it will 
be increasingly important to understand C cycling in these types of catchments so we can 
build accurate regional and global C budgets. Finally, few studies are conducted over long 
periods of time (Clark et al. 2010), so they fail to capture inter-annual variation in 
precipitation and temperature with respect to C fractions.  
The extremes of variations in landscape response around an average can inform us 
about expected responses when mean climate has changed over longer periods (Boulton et 
al. 1992; Landres et al. 1999). This is a “variance-for-time” substitution (Pickett 1989). 
Here we use a unique long-term dataset collected in a highly agricultural environment to 
indicate how concentrations of carbon fractions may vary in altered landscapes under 
altered climate scenarios. This long-term dataset allows us to address inter-annual variation 
of temperature and precipitation, which could inform us about C transport as climate 
changes over time. Therefore, the objectives of this study were to (1) estimate the fractions 
of carbon (i.e., DIC, DOC, POC, and CO2) in streams draining 15 agricultural watersheds 
with varying land uses and areas, (2) determine how these fractions of C varied with stream 
discharge, and (3) determine how various catchment and climate characteristics are related 
to these C fractions. 
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Methods 
Study site - Fifteen sub-catchments of varying size (28 to 13,757 ha; Fig. 1), located 
within the same hydrologic and physiographic unit (i.e., the Rathbun lake catchment) were 
selected for this study. Historically, land cover was a mosaic of forests, wetlands, and 
prairie. Today, the landscape is dominated by grassland, typically intensively grazed by 
cattle, and row-crop agriculture (Schilling and Libra 2000). Sub-catchments are 
characterized by poorly drained and highly erodible soils with average slopes between 2-
40% (Gesch et al. 2009).The hydrology of the entire region is ‘flashy’ in that the entire 
catchment typically returns to base flow within 48 hours of precipitation with groundwater 
flow comprising approximately 60% of the total steam flow (Gémesi 2007).  
 Sampling methods – 15 sub-catchments were sampled approximately once monthly 
from 1999-2010 during the ice-free portion of the year (typically March-November) except 
in 2007-2009, when sampling began in May. Additional sampling events were completed 
annually or bi-annually to capture high flow conditions during or following intense periods 
of precipitation (i.e., >2.54 cm in 24 h). Occasionally, we were not able to sample sites 
close to the lake due to extreme flooding at the site (< 2% of total sampling events). 
Rathbun Lake is regulated by a dam and frequently used for downstream flood control, so it 
is likely that extreme flooding in these sites was from water backed up from the lake.  
Water samples were collected at each sampling point (at the base of 15 sub-
catchments) as surface grab samples. Samples were stored at 4°C prior to analysis and 
analyzed within 24 hours of collection. Field measurements of temperature, pH, 
conductivity, and turbidity were collected using a YSI 6600 Sonde. Flow and depth were 
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measured across the channel at each site for each sampling event using a Marsh-McBriney 
Flow-mate Model 2000 flow meter, except at site RA-12. Velocity (flow) was measured at 
depths of 60% of the distance from the surface to the bottom (Sauer and Meyer 1992).   
Flow and depth was used to calculate instantaneous discharge for each sampling site and 
event. Discharge at site RA-12 (Fig.1) was measured by a gauge operated by the United 
States Geological Survey (USGS; gauge 06903700). Discharge was measured in 15 minute 
intervals by the gauge, and we obtained the discharge at this site for the time nearest to the 
time we obtained our grab sample for each sampling event through the USGS website 
(http://waterdata.usgs.gov/ia/nwis/uv?site_no=06903700).  Where discharge values were 
not available for the 15-minute interval we sampled, daily average values at this site were 
used.  
Water was analyzed for dissolved organic carbon (DOC; Schimadzu TOC analyzer; 
APHA 1998) and volatile suspended solids (VSS; APHA 1998)).  Volatile suspended solids 
(VSS) were used to estimate the concentration of particulate organic carbon (Dean and 
Gorham 1998).  
Dissolved inorganic carbon (DIC) and carbon dioxide (CO2) were estimated 
following the same approach as others (Cole et al. 1994). Equilibrium constants for various 
inorganic carbon species were determined from ionic strength (Butler 1992;Kling et al. 
1992). Equilibrium constants for carbonic acid and bicarbonates were calculated from 
specific conductivity and temperature (derived from equations in Stumm and Morgan 
1996). Alkalinity and pH were then used to calculate total inorganic carbon and the fraction 
of carbon dioxide within the total dissolved inorganic carbon concentration. The carbon 
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dioxide concentration was then subtracted from the DIC total so it would not be represented 
twice within the dataset. Thus, DIC presented throughout this manuscript is DIC less CO2.  
Alkalinity was determined by titration (to endpoint pH=4.5; APHA 1998) for 2000 
and 2001. In a few years, alkalinity was not measured directly so was estimated from the 
relationship between conductivity and alkalinity estimated over several years (alkalinity 
(mg l-1) = 28.1+0.32•conductivity (μS cm at 25°C); R2=0.91 p<0.0001; see also Gorham et 
al. 1983). We used conductivity as a proxy for alkalinity in this study because these ions 
(calcium and carbonate) are likely the dominant ions in our system. Total carbon (TC; g s-1) 
for this study was the sum of POC, DOC, CO2, and DIC. Instantaneous flux of total carbon 
was determined by multiplying the concentration of TC by the volumetric discharge.  
Exports of carbon fractions were estimated for each of the C fractions annually for 
the entire area studied. Discharge measurements from sampling at each sub-catchment were 
used along with discharge measurements from site RA-12 (measured by the USGS; gauge 
06903700) to form discharge rating curves for estimating exports (Gupta 1995). The total 
discharges for each sub-watershed were summed annually and multiplied by the average 
concentration of each C fraction (each year) to estimate export. C fractions were then 
divided by the number of hectares in each sub-catchment to estimate export of each C per 
hectare within the sub-catchment.  
Catchment areas were derived from digital elevation data for each sampling station 
using the ArcHydro toolbox within ArcGIS 9.3 (ESRI 2009). Percent of each land use was 
calculated in ArcGIS 9.3 using 2002 land use data (ESRI 2009).  Annual climate data were 
obtained from the Iowa Environmental Mesonet, using a station centrally located within the 
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Rathbun catchment (station 1394; http://mesonet.agron.iastate.edu/climate/year.phtml; 
Accessed 15 June 2011).  
Univariate regression analysis was used to detect statistically significant 
relationships between variables. The trends of some relationships were examined via 
LOWESS (f=0.2; Cleveland and McGill 1985).  Backward stepwise multiple linear 
regression was used to seek relationships between C fractions and land use and climate. We 
retained variables having a partial effect that had less than a 5% probability of existing by 
chance alone. Independent variables were log transformed where appropriate to satisfy 
assumptions of normality and homogeneity of variance. We performed a dummy variable 
analysis on our dataset to ensure that variation was not significantly due to site-to-site 
variation.   
Results 
The carbon concentrations estimated for the 15 catchments varied greatly within and 
among sites over the 11-year sampling period (Table 1). We found no significant 
correlation between stream size and discharge, and no sites over or under-predicted any C 
fraction when compared to other sites through the dummy variable analysis.  
DIC values covered much of the range of those reported in the literature for streams 
of diverse sizes (Table 1; Cole and Caraco 2001). Univariate linear regression of DIC and 
log discharge revealed a statistically significant negative correlation (p<0.05). Figure 2 
shows a negative LOWESS trend between these two variables, especially for discharges 
47 
 
greater than 1 m3 s-1. The proportion of DIC in the total C pool also decreased from ~75% 
at low discharges to only ~35% at high discharge (Figure 3). 
Backward stepwise multiple linear regression showed several factors explained a 
significant amount of variance in DIC (Table 2; R2=0.26; F=77.70; p<0.0001; n=1084). 
Discharge explained the most variance, and was negatively correlated with DIC. The 
fraction of several land uses also explained significant variance in DIC. Both percent forest 
and percent of water/wetland were positively correlated with DIC concentrations in 
streams. The percent of other land uses (largely impervious classes: residential, 
commercial, and industrial areas), however, was negatively correlated with DIC. Finally 
annual precipitation explained a small, but statistically significant, portion of the total DIC 
variance, as DIC declined with increased annual precipitation.  
CO2, a form of DIC important to primary production and atmospheric gas balance, 
showed a large range of variation within and between our streams (Table 1). LOWESS 
smoothing showed that the proportion of CO2 to other carbon fractions increased with 
discharge (Figure 3), although considerable variation existed in CO2 concentrations at high 
discharges. Stepwise multiple linear regression was used to determine factors influencing 
concentrations of carbon dioxide in surface stream waters (Table 2). The regression 
revealed that both the catchment area and the mean temperature were statistically 
significant (p<0.05) and positively correlated with CO2 concentration (R
2=0.02, F=14.38, 
p<0.0001).  
Concentrations of dissolved organic carbon (DOC; Table 1; mean=7.89 mg l-1, 
standard deviation=3.02 mg l-1) were positively correlated with discharge (p<0.05). 
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LOWESS trends showed that DOC concentrations increased rapidly at discharges greater 
than 1 m3 s-1. Discharge, percent forest, and mean temperature explained a significant 
amount of variance in our stepwise regression (Table 2).  
Particulate organic carbon (POC) was also statistically significantly positively 
correlated with discharge (p<0.0001) and varied greatly throughout the 11 year sampling 
period. POC concentrations increased dramatically at discharges above 1 m3 s-1 (Figure 2). 
Discharge, annual precipitation, and two land-use classes (percent water and wetlands and 
percent other land uses) explained significant variation in POC concentrations in our 
backward stepwise multiple linear regression (Table 2; R2=0.21, F=61.40, p<0.0001, 
n=910). 
Concentrations of C fractions varied considerably as discharge increased (Figure 2). 
While not all C fractions showed statistically significant correlations with discharge, 
LOWESS smoothing revealed that concentrations changed rapidly at discharges greater 
than 1 m3 s-1. Total C, POC, and DOC, and CO2 increased with respect to discharge at high 
concentrations, while DIC concentrations were reduced at high discharges.  
 Total C flux was strongly correlated with discharge and increased sharply as 
discharge increased (Figure 3) and increased by eight orders of magnitude. Relative 
fractions of C varied greatly as discharge increased. The majority of the C pool was DIC at 
low discharges, with small but constant fractions of DOC, CO2, and POC. Relative 
fractions begin to change between discharges of 0.1 and 1 m3 s-1. At discharges greater than 
1 m3 s-1, the relative portion of organic carbon to inorganic carbon increased dramatically, 
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so that at the highest discharges observed, the majority of carbon had shifted from inorganic 
to organic carbon.  
 Exports of C species varied considerably throughout the sampling period. The DIC 
exports ranged from 1 to 12,046 g-1 C ha sampling period. CO2 exports ranged from <1 to 
750 g-1 C ha sampling period.  POC exported spanned <1 to 2460 g-1 C ha sampling period. 
Finally, DOC exported ranged from 2 to 10871 g-1 C ha sampling period. Site RA-34 (28 
ha) had disproportionately large exports as compared to other sites.  
 C exports varied considerably with annual precipitation. Low and high water years 
(2006 and 2008, respectively) varied by more than 3 orders of magnitude in C exports, with 
high water years exporting as much as 40-times more carbon (POC) than low water years.  
 Total carbon exported from this set of sub-catchments for the sampling period from 
1999-2010 was 251 tons C ha-1. On average, 58 kg C were exported per hectare over the 
sampling period.  
Discussion 
 Concentrations of DIC decreased as discharge increased in our study sites. At 
discharges greater than 1 m3 s-1, DIC concentrations declined most rapidly. This is likely 
the effect of dilution of carbonate and bicarbonate ions in large quantities of water. Barnes 
and Raymond (2009) showed increased DIC exports in altered landscapes (agriculture and 
urban dominated) and suggested that increased DIC exports in these landscapes resulted 
from increased chemical weathering. This conclusion is consistent with our observations.  
Because chemical weathering can only occur at a certain rate, it is likely that during periods 
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of high discharge, weathering processes are self-limiting, and therefore, no more DIC is 
available to be exported to the streams resulting in lower DIC concentrations at high 
discharges (Kump et al. 2000). In years with more intense storms, as predicted for this 
region with climate change, we can expect to see greater occurrences of high stream 
discharge and subsequent dilution of DIC.  
 Discharge explained the greatest amount of variation of DIC. Annual precipitation 
also explained a statistically significant amount of variation. Both increased discharge and 
increased annual precipitation result in more water within the stream, thus diluting the 
concentration of DIC. The variation explained by percent forest and percent water and 
wetlands in our model is likely a reflection on the amount of agriculture in our catchments. 
Our catchments are dominated by row-crop and pasture agriculture. As percentages of other 
land uses increase, the percent of land in agriculture decreases. Barnes and Raymond 
(2009) noted that increased DIC in catchments with high percentages of land in agriculture. 
Thus, as the amount of land in agriculture declines (as reflected in increased percent forest 
and water land uses), we see an increase in DIC. The percentage of other land uses was 
positively correlated with DIC. These land uses (commercial, industrial, residential) are 
largely comprised of impervious surfaces. A similar relationship was also observed by 
Barnes and Raymond (2009) who noted that DIC export increased with the percent of land 
in urban areas, which are also largely comprised of impervious surfaces.  
 Carbon dioxide concentrations were enhanced at high discharges. At low 
discharges, CO2 comprised ~13% of the total DIC. At high discharges, however, CO2 was 
approximately 30% of the total DIC. Streams were supersaturated with CO2 (with 
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atmospheric CO2 at 370 μatm.) greater than 90% of the time when sampled. Partial 
pressures ranged from 73 μatm. to ~50,000 μatm. Other studies have cited similar ranges, 
with the majority of streams supersaturated with CO2 (Cole and Caraco 2001; Butman and 
Raymond 2011).  
 Area and the mean temperature both explained statistically significant amounts of 
variation in CO2. Jones and Mulholland (1998) observed a similar relationship between 
carbon dioxide and temperature, citing three-fold increases in pCO2 with elevated stream 
temperatures. As mean temperatures rise with expected climate change, we are likely to see 
increased out-gassing of CO2 to the atmosphere from low order streams. This trend exhibits 
a potential positive feedback loop between rising temperatures and carbon dioxide 
emissions. We also observed a positive correlation between catchment area and CO2 
concentrations.   
 Dissolved organic carbon concentrations increased with discharges, especially for 
discharges greater than 1m3 s-1 (Figure 2). This trend is likely due to the shift from below 
ground to overland flow during or shortly after intense rain events. A similar relationship 
for DOC and discharge was reported for two small forested catchments in Ontario, Canada, 
(Hinton et al. 1997) with DOC concentrations increasing by 100-410% during storms. We 
observed a similar trend, with DOC concentrations increasing by as much as 450% during 
periods of high discharge. This is similar to the observation made by Dalzell et al. (2005) in 
two agricultural catchments in Illinois, citing that flood conditions mobilized additional 
DOC pools in the catchment. As we experience more intense storms resulting in high 
52 
 
discharges, it is likely that DOC concentrations will increase because of mobilization of 
DOC pools, resulting in increased exports downstream.  
 Several variables explained statistically significant variation in DOC (Table 2). 
Discharge was positively correlated with DOC concentrations. Numerous studies have 
noted a positive correlation between percent wetlands in catchments and DOC 
concentrations (e.g., Eimers et al. 2007; Clark et al. 2010). We, however, did not find this 
relationship. The majority of studies that have related land use percentages to DOC 
concentrations and exports have been conducted in predominantly forested catchments. It is 
likely that influences on DOC pools in agriculture dominated catchments diverge from 
those seen elsewhere. We observed a negative correlation between percent forest and DOC 
concentrations. As with DIC, this is likely the reflection of increased percentages of 
agriculture and pasture within the catchment.  
We found a positive relationship between DOC concentration and mean 
temperature. Billet et al (2006) showed a positive correlation between stream DOC and 
stream water temperature in peatland catchments. While this result is commonly observed 
and various climate models show a positive relationship between temperature and DOC, 
this phenomena has not been well reported within agricultural catchments.  As temperatures 
in the Midwestern United States continue to climb as a result of climate change, we will 
likely see increased DOC concentrations and subsequently exports in our streams. DOC 
exported downstream will likely be respired to the atmosphere as CO2 (Bardgett et al. 
2008).  
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 Particulate organic carbon concentrations increased by ten-fold between low and 
high discharges in our systems (Figure 2). POC represented a very small fraction of the 
total C pool at low discharges but, at peak discharges, POC comprised ~50% of the total C 
pool (Figure 3). We observed an erosional threshold at discharges greater than 1 m3 s-1 in 
our catchments. This link between storm intensity and runoff is well established (Renard et 
al. 1997). It is important to understand where thresholds exist in C transport, as we are 
likely to experience more high-intensity, high-discharge producing rainfall events with 
climate change in the these agricultural regions.  
 POC was most strongly related to discharge (Table 2). We observed a statistically 
significant negative correlation between POC and the percentage of water and wetlands 
within our sampling catchments. Robertson et al. (1999) showed that floodplain wetlands in 
Australian catchments led to the rapid decomposition of POC from bacterial sediment 
respiration and methanogensis. While we did not measure microbial respiration in our 
catchments or streams, it is possible that POC entering these systems is respired and 
therefore not transported to the streams. It is also likely that increased wetlands in the 
catchment serve to slow or stop runoff from uplands to the streams. This could explain the 
relationship we see between POC and wetlands and this relationship is well documented for 
discharge for wetlands (e.g., Bedford and Preston 1988; Whigham et al. 1988; Johnston et 
al. 1990). As storminess increases with climate change, wetlands will be especially 
important within catchments to reduce POC loading into streams.  
Increased impervious surfaces (other land uses) within catchments also explained a 
statistically significant amount of variation (Table 2). This relationship is consistent with 
54 
 
theory, given that little infiltration of water occurs within these land uses and water rapidly 
runs off the land (Arnold and Gibbons 1996). Increased runoff has the capacity to transport 
large amounts of particulate matter from the land to streams (Pimentel et al. 1995). While 
others have related land use to particulate organic carbon (e.g., Young and Huryn 1999; 
Raymond and Bauer 2001), contributions of POC in agricultural landscapes have been 
largely overlooked (Armentano and Menges 1986).  Precipitation explained a statistically 
significant amount of POC variance (Table 2). We observed that increased annual 
precipitation was positively correlated with POC concentrations. This further supports the 
idea that the amount of water moving from land to streams as runoff carries POC with it, 
thus increasing POC concentrations in streams at high discharges. We are likely to see high 
intensity storms over the next century and thus will likely see increased POC loads to 
streams because of increased erosion in agricultural landscape.  
 Total C flux increased by more than eight times for this range of discharges (Figure 
3). While a variety of studies have addressed one or two forms of C export from catchments 
(e.g. (Finlay 2003; Royer and David 2005; Warrner et al. 2009), the effects of discharge, 
climate, and catchment land use in agricultural landscapes over a long period is rarely 
addressed.  
 While others have addressed C exported in streams, few have addressed multiple C 
fractions under varying climate conditions. We found that exports increased by as much as 
40x per unit area during high water years as compared to low water years. This is likely 
because of increased runoff associated with increased precipitation. Periods where the 
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greatest exports were observed for all C fractions coincided with periods of intense 
precipitation.  
 We estimate that over 250 tons of carbon was transported downstream over from 
our study sites over the sampling period. This number is an underestimate, as it only 
considers the time of the year when sampling occurred. Thus, C exported during winter 
months is not included.  
As land continues to be altered for cultivation or pasture to meet the growing needs 
of the human population, and if storm intensity increases in this region due to climate 
change, we will likely see greatly enhanced exports of C from these types of catchments. 
This study suggests that the types of C to be exported will likely change with variable 
discharge. We will see more particulate C exported downstream that is not readily used by 
stream biota. Forms of C (DIC), frequently used by autotrophs for photosynthesis will 
comprise a smaller fraction of the total C pool at high discharges. DOC and POC will be 
exported in high concentrations during periods of intense precipitation, and thus be 
available for downstream microbial respiration or burial.  
 As we experience the effects of climate change through warmer mean temperatures 
and increased intensity in precipitation events, C flux is likely to increase by several orders 
of magnitude at high discharges. Forms of C exported at these high discharges are likely to 
shift from DIC to POC, and land use will play an important role in the fractionation of C 
exported from the land to the stream. 
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Table 1. Ranges of carbon fractions for sampling sites within the Rathbun watershed. 
Dissolved inorganic carbon (DIC) is the concentration of dissolved inorganic carbon in 
streams less the concentration of carbon dioxide (CO2), so carbon dioxide is not represented 
twice in the analyses. Particulate organic carbon (POC) and dissolved organic carbon 
(DOC) are also listed. Total carbon (TC) is the sum of all of the above listed fractions. Area 
is the catchment area for the derived sampling point.  
  Catchment Stream  Discharge TC  CO2 DOC  POC  DIC  
Site area (ha) order (m3 s-1) (mg l-1) (mg l-1) (mg l-1) (mg l-1) (mg l-1) 
12          13,757  4 5x10-3 - 73.1 23 - 106 9x10-2 - 12 0.02 - 17.23 9x10-2 - 73 12 - 74 
15          13,436  4 1x10-4 - 55.1 20 - 146 1x10-1 - 79 0.34 - 15.20 4x10-1 - 59 15 - 89 
32            8,983  2 1x10-4 - 24.7 23 - 116 1x10-1 - 39 0.33 - 16.38 9x10-2 - 83 8 - 78 
33            5,248  3 1x10-4 - 19.4 15 - 86 1x10-1 - 26 0.30 - 18.10 9x10-2 - 65 15 - 72 
34                 28  1 1x10-4 - 0.4 23 - 134 4x10-2 - 7 0.35 - 12.03 2x10-1 - 22 7 - 64 
35            9,762  3 1x10-4 - 31.6 26 - 97 1x10-1 - 18 0.10 - 16.51 2x10-1 -78 13 - 62 
36            4,456  2 3x10-5 - 8.7 4 - 151 1x10-1 - 25 0.31 - 13.44 2x10-1 - 105 8 - 71 
37            4,471  3 1x10-4 - 24.4 19 - 116 1x10-1 - 53 0.32 - 16.07 1x10-1 - 47 14 - 74 
38            3,924  2 9x10-4 - 19.7 14 - 109 3x10-2 - 15 0.31 - 17.43 1x10-1 - 61 9 - 84 
39          11,481  3 1x10-4 - 73.6 11 - 117 7x10-2 - 21 0.35 - 16.63 3x10-1 - 49 10 - 73 
40            2,705  2 4x10-4 - 17.3 9 - 133 5x10-2 - 8 0.35 - 17.86 5x10-1 - 47 7 - 83 
41            9,750  3 3x10-4 - 47.9 2 - 130 1x10-1 - 72 0.02 - 13.95 1x10-1 - 58 17 - 66 
42            3,114  2 6x10-4 - 14.4 16 - 158 3x10-1 - 43 0.33 - 17.90 4x10-1 - 47 16 - 61 
43            1,015  2 6x10-4 - 2.0 13 - 102 6x10-2 - 12 0.30 - 16.09 1x10-1 - 34 7 - 61 
44            4,032  3 1x10-4 - 23.1 34 - 193 3x10-1 - 19 0.30 - 16.81 3x10-1 - 38 15 - 65 
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Table 2. Backward stepwise multiple regression analyses of variation in carbon fraction 
concentrations related to catchment and climate variables. Partial t-values indicate the size 
of the statistical effects on the independent variables when all other variables are 
considered. Discharge was log transformed before entering into the model. Percent other 
land use includes: commercial, industrial, residential, and roads land use classes. For all 
regressions p<0.0001. For all independent variables, p<0.05.  
Dependent variable Independent Variable Partial t 
Dissolved Inorganic Carbon (mg l-1) Intercept 17.17 
 
Discharge (m3 s-1) -17.1 
 
Percent forest 3.44 
 
Percent water and wetlands 5.05 
 
Percent other land uses -5.38 
  Annual precipitation (cm) -2.74 
Carbon Dioxide (mg l-1) Intercept -1.75 
 
Area (ha) 4.51 
  Mean temperature (°C) 2.71 
Particulate Organic Carbon (mg l-1) Intercept 3.46 
 
Discharge (m3 s-1) 13.75 
 
Percent water and wetlands -2.71 
 
Percent other land uses 3.4 
  Annual precipitation (cm) 2.61 
Dissolved Organic Carbon (mg l-1) Intercept 3.44 
 
Discharge (m3 s-1) 4.54 
 
Percent forest -3.25 
  Mean temperature (°C) 3.08 
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Figure 1. Map of the Rathbun Lake catchment. Sampling sites (indicated by the triangles 
and site name) and catchments (outlines on the figures) are also indicated. The location of 
the Rathbun lake catchment is indicated on the North America map with a star (40°51’N, 
92°55’W). 
Figure 2. Univariate relationships showing the LOWESS trends between carbon fractions 
and discharge. LOWESS trends were calculated using an f=0.2 (Cleveland and McGill 
1985) and are shown as solid lines. Discharge was log transformed prior to analysis. Panel 
a) shows the LOWESS trend for total carbon and discharge; b) DIC and discharge; C) POC 
and discharge ; d) DOC and discharge.  
Figure 3. Panel a) shows the relationship between log instantaneous calculated flux of total 
carbon against log discharge; b) shows the relative percentages of carbon as discharge 
increases. Trends shown are LOWESS with an f=0.2.  
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Figure 2 
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Figure 3 
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CHAPTER 4. GENERAL CONCLUSIONS 
Understanding concentrations of carbon (C) fractions in agriculture-dominated 
landscapes and eutrophic systems is important for building comprehensive C budgets for 
altered landscapes with respect to climate change. This study was focused on determining 
carbon dioxide (CO2) concentrations in eutrophic lakes and relating these concentrations to 
limnological variables. We also quantified C fractions in 15 in catchments through a long-
term study, relating C to various catchment and climate characteristics.  
This study used data collected in 131 lakes and 15 streams in Iowa, geospatial data 
on land use, and climate data collected for the sampling region. We found that eutrophic 
lakes in this region were undersaturated with CO2 in respect to the atmosphere as compared 
to many of the worlds’ lakes. We found high rates of primary production were driving CO2 
in these lakes. These results suggest that as eutrophication increases worldwide, we may see 
shifts in CO2 dynamics within lakes because of increased primary production.  
We observed that the relative proportions of C varied greatly with respect to 
discharge, resulting in increased concentrations of refractory particulate forms of carbon at 
high discharges. Climate and catchment characteristics explained a significant amount of 
variance in these fractions. Finally, we found that total C flux increased by several orders of 
magnitude with increased discharge. As we experience more intense storms, and thus high 
discharges associated with these storms, from climate change, we can expect to changes in 
the forms and amount of carbon transported from the catchment to the stream.  
This study helps to address and fill current gaps in knowledge, but future research is 
needed to better understand the mechanisms driving the relationships between carbon, 
73 
 
catchments, and climate. Stable isotope analysis within our lakes and streams would give us 
a better understand of C sources within a catchment and how C is being transformed in 
lakes and streams. Increased sampling at the stream sites would allow us to calculate 
meaning C exports for these streams, helping us gain a better understanding of how much C 
is being lost from the terrestrial landscape in this region. The use of DOC fluorescence 
techniques in our systems would help us discern DOC derived from catchments versus 
DOC derived from phytoplankton production. Finally, year-round and diel measurements 
would allow us to compute accurate fluxes of C fractions for inclusion in regional C 
budgets.  
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APPENDIX A. RAW DATA FOR CHAPTER 2 
Table 1. Raw data used for analysis in chapter 2.  
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Table heading labels are as follows: Sample ID is the laboratory generated ID given to a 
sample when it enters the lab; Secchi is the Secchi transparency measured in meters; Water 
temp. is the water temperature in degrees Celsius in the upper mixed zone of the lake; DO 
is the average percent saturation of dissolved oxygen at the time of sampling in the upper 
mixed zone of the lake; Sp. Cond. is the specific conductivity at the time of sampling in the 
upper mixed zone of the lake; Chl a is the concentration of chlorophyll a in the upper 
mixed zone of the lake. TP is the total phosphorus concentration, TN is the total nitrogen 
concentration, NH3 is the concentration of NH3+NH4 as N, NO3 is the concentration of 
NO3+NO2 as N, TN:TP is the atomic ratio of nitrogen to phosphorus, alkalinity is the 
concentration of CaCO3, DOC is the dissolved organic carbon concentration, TSS is the 
total suspended solids concentration, Phyto. Biovol. is the biovolume of phytoplankton, 
pCO2 is the partial pressure of CO2 when atmospheric equilibrium is 370 μatm., and flux is 
determined as described in chapter 2 for the summer period of 123 days (May-August). All 
nutrient and biological numbers are for the upper mixed zone of the lake, or all of the lake, 
if the lake was unstratified at the time of sampling.   
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APPENDIX B. CATCHMENT CHARACTERISTICS FOR CHAPTER 3 
Site  
Watershed area 
(ha) 
% row-
crop 
agriculture % forest 
% 
grassland 
% water 
and 
wetlands % other* 
RA-12 13,757 14.1 14.6 67.0 1.5 2.8 
RA-15 13,436 25.3 12.4 55.3 2.1 4.9 
RA-32 8,983 49.5 3.4 43.1 0.9 3.1 
RA-33 5,248 41.2 3.1 52.2 0.6 2.9 
RA-34 28 3.8 3.1 78.8 1.8 12.4 
RA-35 9,762 41.4 7.0 46.9 1.2 3.4 
RA-36 4,456 42.2 5.4 48.2 0.5 3.7 
RA-37 4,471 31.2 8.8 56.5 0.8 2.7 
RA-38 3,924 30.9 10.3 54.8 1.4 2.7 
RA-39 11,481 23.0 9.7 60.4 2.1 4.8 
RA-40 2,705 29.8 3.9 60.1 1.8 4.4 
RA-41 9,750 21.5 12.6 62.6 1.0 2.4 
RA-42 3,114 21.5 12.6 62.6 1.0 2.4 
RA-43 1,015 34.9 4.2 57.6 0.9 2.5 
RA-44 4,032 67.8 1.7 25.6 0.7 4.1 
*other includes commercial, residential, and industrial land uses 
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APPENDIX C. CLIMATE CHARACTERISTICS FOR CHAPTER 3 
 
Year 
Annual 
precipitation 
(cm) 
Deviation* from 
mean annual 
precipitation 
(cm) 
Mean annual 
temperature (°C) 
Deviation* from 
mean annual 
temperature (°C) 
1999 89.4 1.2 8.7 -0.1 
2000 84.2 -3.9 9.4 0.6 
2001 103.6 15.4 10.2 -1.4 
2002 77.2 -10.9 10.3 1.5 
2003 75.4 -9.6 9.6 0.8 
2004 88.8 -0.7 9.3 0.6 
2005 69.5 -18.6 9.9 1.2 
2006 87.2 -1 10.4 1.6 
2007 118.2 30 9.7 0.9 
2008 129.6 41.5 8.4 -0.9 
2009 113.8 25.7 8.9 -0.4 
2010 113.6 25.5 10.4 1.6 
*Deviations were calculated based on a 60 year average (1951-2011) 
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APPENDIX D. REGRESSION TABLES FOR CHAPTER 3 
 
Table 1. Dissolved inorganic carbon less carbon dioxide 
Independent variable 
Regression 
coefficient 
Partial 
t p 
Intercept 33.7028 17.17 <0.0001 
Discharge (m3 s-1) -4.711 -17.1 <0.0001 
Percent forest 0.3419 3.44 0.0006 
Percent water and 
wetlands 4.3957 5.05 <0.0001 
Percent other land uses -1.4832 -5.38 <0.0001 
Annual precipitation (cm) -0.0438 -2.74 0.0062 
 
Table 2. Carbon dioxide 
Independent variable 
Regression 
coefficient 
Partial 
t p 
Intercept -3.5656 -1.75 0.0803 
Area (ha) 0.0002 4.51 <0.0001 
Mean annual temperature 
(°C) 0.5775 2.71 0.0067 
 
Table 3. Particulate organic carbon 
Independent variable 
Regression 
coefficient 
Partial 
t p 
Intercept 7.3540 3.46 0.0006 
Discharge (m3 s-1) 4.2550 13.75 <0.0001 
Percent water and 
wetlands -2.2191 -2.71 0.0068 
Percent other land uses 0.9802 3.4 0.0007 
Annual precipitation (cm) 0.04926 2.61 0.0092 
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Table 4. Dissolved organic carbon 
Independent variable 
Regression 
coefficient 
Partial 
t p 
Intercept 5.4123 3.44 0.0006 
Discharge (m3 s-1) 0.6149 4.54 <0.0001 
Percent forest -0.1275 -3.25 0.0012 
Mean annual temperature 
(°C) 0.5471 3.08 0.0022 
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APPENDIX E. DISCHARGE RATING CURVES FOR EXPORTS IN CHAPTER 3  
Table 1. Discharge rating curves for 15 sub-catchments; y= discharge estimated at the 
sampling site for any given x; x= discharge measured at site RA-12 using USGS gauge 
06903700 
Site 
Equation used to estimate 
discharge r2 
RA-15 y=-0.193+0.807(x) 0.95 
RA-32 y=-0.208+0.068(x) 0.97 
RA-33 y=-0.260+0.243(x) 0.95 
RA-34 y=-0.003+0.001(x) 0.92 
RA-35 y=0.262+0.277(x) 0.93 
RA-36 y=-0.037=0.064(x) 0.98 
RA-37 y=-0.015+0.075(x) 0.96 
RA-38 y=-0.129+0.147(x) 0.98 
RA-39 y=-0.362+0.592(x) 0.99 
RA-40 y=0.0332+0.031(x) 0.75 
RA-41 y=-0.729+0.869(log(x)) 0.77 
RA-42 y=-1.672+1.13(log(x)) 0.81 
RA-43 y=-0.001+0.014(x) 0.95 
RA-44 y=-0.079+0.083(x) 0.97 
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APPENDIX F. PREDICTED ALKALINITY FROM CONDUCTIVITY IN 
CHAPTER 3 
Figure 1. Relationship between conductivity and alkalinity.  
 
 
  
98 
 
APPENDIX G. EXPORT TABLES FOR CHAPTER 3 
Table 1. Exports for C fractions in g C per sampling period. DIC excludes CO2.  
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Table 2. Export for C fractions per unit area (g C/ha/Mar.-Nov.) DIC excludes CO2.  
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APPENDIX H. RAW DATA FOR CHAPTER 3 
Table 1. Raw data used for analysis in chapter 3.  
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